Introduction
Aneurysmal bone cysts (ABC) are benign bone lesions which usually arise in childhood or early adulthood. Patients usually complain for pain in the affected skeletal region, and rarely a pathological fracture is evident. A plain radiogram typically reveals an expansile osteolytic lesion; whereas magnetic resonance tomography showing characteristic fluid-fluid levels due to blood sedimentation can give valuable information that assists in diagnosis. Biopsy is obligatory, as the telangiectatic variant of osteogenic sarcoma needs to be taken into account in the differential diagnosis of the lesion. 1 The most widely accepted theory explaining the pathophysiology of the lesion suggests that there is a locally increased vascular pressure in the venous network of the bone tumor that results in the dilation of the small vessels. This in turn causes erosion and resorption of the bone matrix. Recently, cytogenetic analysis has revealed a specific genetic translocation of the USP6 oncogene in ABC, resulting in the upregulation of USP6 transcription. This aberration is though to arrest the normal maturation of osteoblasts and is implied in matrix metalloproteinase production. 2 However, approximately one third of ABCs are considered to be secondary to another primary bone tumor, such as giant cell tumor of the bone or chondroblastoma. These tumors typically lack the aforementioned genetic aberration. The histological appearance is of blood-filled spaces and septa that are not lined by endothelial cells, whereas fibroblasts and multinucleate giant cells are evident in the stroma of the tumor. There is always absence of nuclear atypia or other signs of malignancy in ABCs.
The natural evolution of the lesion remains unclear, and there have been reports of involution and self-healing. 3, 4 However, as the tumor is generally symptomatic and occasionally locally aggressive, watchful waiting is seldom the case, and treatment is recommended. A variety of methods has been described in the medical literature, and optimal treatment is still a matter of debate. Open surgery has long been considered the gold standard, resulting in good local control, especially in the case of wide excision or when local adjuvants are used. However, the complication rate is not negligible, and some authorities prefer noninvasive methods such as embolization. Radiotherapy has also been used, but a major concern is the risk for secondary malignancies. More recently, the use of sclerotherapy has proved an easy and safe method which is associated with good local control and few side-effects. The introduction of novel medical treatments that block the osteolytic pathway, such as denosumab, has given encouraging preliminary results.
A literature review using Pubmed/Medline database was performed in order to identify scientific publications relevant to the treatment of ABC. The MESH terms aneurysmal bone cyst, operative treatment, sclerotherapy, radiotherapy and embolization were used in our search in order to retrieve the relevant publications. A total of 1198 articles in the English literature were identified, from the inception of the database to July 2015 and references were also retrieved from the publication list of the papers. Articles in written in languages other than English were excluded. Of these, 53 articles were found that met the criteria of this review article, where we aim to systematically present the outcome of therapeutic interventions, as well as their indications and limitations, so that the treating physician can choose the appropriate modality for each individual patient.
En bloc surgical excision
Complete (en bloc) surgical excision of ABC is associated with excellent local control rate. Early reports of en block excisions of ABC of the hand (and reconstruction with bone grafting) reported no recurrences. 5, 6 Recently, Jafari et al. observed a case of local recurrence in a series of patients treated in the same manner. 7 Similarly, many independent authors have reported a 100% local control rate in the patients that were treated with complete resection of the ABC. [8] [9] [10] [11] Lampasi et al. also report no recurrences in ABC of the distal fibula after complete resection, but also draw attention to the higher risk for complications with this method compared to intralesional excision, especially in view of the similar final functional outcome. 12 [Orthopedic Reviews 2015; 7:6182]
[page 107] Moreover, Flont et al. have published a series of patients where en bloc excision was compared to curettage, and they also claim that en bloc excision is a more demanding procedure that should be considered in the case of recurrent lesions. 13 They showed a higher (but not statistically significant) rate of complications with en bloc excisions, which however had a lower (also not statistically significant) risk for relapse. In cases of ABC of the distal fibula, the technique of complete subperiosteal resection has been shown to give excellent local control rate (100% according to Abuhassan et al. and Mostafa et al.) , with the advantage of preserving the periosteum and allowing for fast recovery of the patients. 14, 15 En bloc excision has been advocated by some authors as the most appropriate treatment in the case of ABC of the spine. Wang et al. reported that most patients with ABC of the cervical spine could be efficiently treated with complete surgical excision without any neurological sequelae and no observed recurrences during the follow-up period. 16 Perlmutter et al. also reported an uncomplicated postoperative course and no relapses after aggressive resection and fusion for ABC of the cervical region. 17 In the same line, Zenonos et al. describe local recurrences after failure of complete removal of the spinal ABC. 18 Collectively, complete excision of the ABC is accompanied by an excellent local control rate that approaches 100%. However, the technique is doubtlessly cumbersome and accompanied by a significant risk for complications, such as bleeding, pain and growth disturbances. Furthermore, there is frequently a need for local reconstruction of the resulting skeletal defect. These parameters explain why less radical surgical excision is generally preferred.
Intralesional surgical procedures, with or without use of local adjuvants
The mechanism of action of intralesional excisions is partly the removal of the active component of the cyst, and partly the interference in hemodynamics of the lesion. Indeed, it has been suggested that ABC arise as a cause of hemodynamic disturbances, and this has been base based on manometric pressure studies where increased intracystic pressure was observed. 4 The main advantage is the simplicity of the technique, which does not require any sophisticated equipment. Although curettage is a less invasive method than en bloc excision, it also entails open surgery and can cause severe bleeding, or growth disturbances when in the proximity of the physeal plate.
Curettage is associated with an acceptable rate of local control, which is approximately 90% in large series. 19, 20 However, it should be noted that there is considerable variation between studies, with reported local recurrence rates between in anything between 0% and 100%. The poor performance of the method in certain centers has lead to a widespread use of various adjuvants in an effort to minimize the risk for local recurrence. Common agents used are chemicals such as phenol, bone cement, cryotherapy with liquid nitrogen or the mechanical effect of highspeed burr. In a recent study by Kececi et al. in 85 patients, no significant effect of adjuvant phenol or high-speed burr could be established. 21 The overall local recurrence rate was approximately 12%. On the other hand, Wang et al. reported a superior control rate of about 97% when high-speed burr was used. 22 In the same line, Garg et al. demonstrated that the use of a high-speed burr combined to electrocautery of the lesion significantly reduced the recurrence rate compared to simple curettage. 23 Bone cement (polymethylmethacrylate) has proven superior to bone grafting in preventing local relapse. 24 Moreover, in a series of 80 patients treated with curettage and cryotherapy, Peeters et al. observed relapses in only 5% of the patients. 25 Even more sophisticated techniques have been used in this setting, the most characteristic being argon beam laser therapy. This method relies on a coagulation effect and has been shown to eliminate the risk for local recurrence as compared to simple curettage. 20, 26 Yet, according to the observations of Steffner et al., the overall complication rate with argon beam laser was 19%, as compared to 6% when high-speed burr was used. 20 In summary, it appears that adjuvants can improve local control rate when combined to curettage. Yet, it should be kept in mind that not all of the aforementioned agents are readily available. Whereas most surgeons have access to high-speed burr, phenol, bone cement and electrocautery, cryosurgery and ultimately argon beam coagulation are available only in some centers. Furthermore, their use increases the operative time and it should be noted that similar control rates have been achieved even with less invasive techniques.
Minimally invasive surgical techniques
It has been observed that some ABCs heal after a pathological fracture, or after open biopsy. This led Reddy et al. to investigate the outcome of a minimally invasive surgical technique the authors named curopsy, which they described as a percutaneous limited curettage during biopsy, removing the lining membrane from various areas of the lesion. The authors reported that a single such treatment resulted in the healing of 81% of the lesions, somewhat inferior to the success rate after curettage, but on the other hand at a considerably shorter recovery time. 19 They concluded that simple, minimally invasive treatments are efficient in the treatment of ABCs. The mechanism of the therapy is not fully understood, but it has been proposed that the destruction of internal cyst architecture during curopsy interferes with the hemodynamic changes and induces healing. Furthermore, in a similar study, Ibrahim et al. reported that percutaneous curettage performed as an outpatient procedure was safe and comparable to open curettage alone regarding functional outcome of the patients. 27 Even though such simple treatments appear to work in the majority of cases, it should be noted that ABCs present with a broad spectrum of biological aggressiveness, and these techniques may fail in the case of aggressive lesions. This has been illustrated by Louahem et al., who described the clinical and radiological evolution of ABCs after biopsy. 3 
Embolization
Embolization has been used for the treatment of ABCs, especially in locations where surgical management is difficult and associated with a substantial risk for complications. Traditionally, embolization as a sole treatment has been applied in ABCs of the axial skeleton. Rossi et al. have reported a series of patients with tumors localized mainly in the axial skeleton, where embolization with N-2-butyl cyanoacrylate had an overall efficacy of 94%, with a relatively low complication rate of 5%. 28 Moreover, Amendola et al. had no failures in a series of patients treated with embolization for ABCs of the spine. 29 Donati et al. in turn reported a 75% success rate in ABCs of the sacrum treated only with embolization. 30 Embolization is also used as a surrogate method to open surgery, in order to minimize the bleeding during excision, and to further reduce the risk for local recurrence. 18, 31, 32 It has also been used in conjunction to sclerotherapy, with good results. 33 It has been suggested as a cost-effective technique, which has a primary role in ABCs that are difficult to treat with surgery. It should be mentioned that embolization has its limitations. The absence of feeding vessels that can be catheterized, or the proximity to vessels supplying vital structures such as the spinal cord sometimes makes embolizations impossible. The procedure is technically demanding and complications are not negligible. In a comprehensive retrospective study of more the 400 patients that were treated with selective arterial embolization for neoplastic conditions, including ABC, about a fifth of the patients suffered from post-embolization syndrome and about 10% of them had transient paresthesias. Necrosis and other more serious complications were also observed.
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Sclerotherapy and injection of other drugs
Sclerosants cause damage to the vascular endothelium and cause thrombosis in small vessels, leading to a rather poorly understood cascade of events which results in healing of the lesion. The use of sclerotherapy regiments that relied on alcoholic zein solution was associated with serious adverse effects upon spillout in the nearby tissues, [35] [36] [37] as well as documented fatal outcome after injection in an ABC of the cervical spine. 38 Modern sclerotherapy treatment for ABCs is polidocanol, which is a safe treatment that generally lacks serious adverse effects (Figure 1) . Indeed, in a case series of 72 patients treated with percutaneous intralesional injections of polidocanol, l Rastogi et al. reported a cure rate of 97%. 39 In a prospective study by Varshney et al., sclerotherapy proved to be equally effective to intralesional excision and was accompanied by less morbidity. 40 According to our own experience, the local control rate exceeds 90%, and the method can be used even for the aggressive variant of the tumor. 1 Even aggressive ABCs can be cured by sclerotherapy. 41 It should be noted that other agents have been injected in ABCs and shown to have effect. Doxycycline, which probably has an analogous mode of action to sclerosants, has been effectively used for percutaneous treatment of ABCs. 42 Alcohol injections have a low risk for adverse effects, a good response was however observed in only 59% of the lesions. 43 Injection of bone marrow has also been shown to promote healing in the vast majority of patients. 44, 45 In summary, percutaneous administration of polidocanol is a safe and simple procedure with an excellent cure rate. Current evidence favors sclerotherapy as the initial treatment of choice for ABCs. Bone marrow injections can also be considered.
Radiotherapy
Radiotherapy uses ionizing radiation that induces damage to the nuclear DNA in order to induce cell death. It is mainly used in malignant tumors, but has been used by many authorities for the treatment of ABCs, although the molecular mechanisms in this case are poorly understood. Initial reports on the use of radiotherapy for the management of ABCs have shown rather poor results. Indeed, Capanna et al. compared radiotherapy with surgery in the case of ABC of the spine, and showed that radiotherapy when used as a single treatment resulted in a local recurrence in three of six patients, two of them resulting in the death of the patient. 46 Marcove et al. on the other hand reported a control rate exceeding 90% when radiotherapy was used, but also reported an irradiation-induced sarcoma in 1 out of 11 patients treated. 47 Similarly, Papagelopoulos et al. also described the death of a patient treated with radiotherapy from an irradiation-induced sarcoma. 48 Feigenberg et al. did not observe any secondary malignancy in their series of patients with ABC of the spine treated with radiotherapy, but reported other major adverse effects, such as dorsal kyphosis because of vertebral body collapse. 49 Similarly, Boriani et al. showed that the combination of curettage and radiotherapy in spinal ABC was accompanied by a high incidence of late axial deformity. 11 Marks et al. reported no sequelae after treatment of three adolescents with a dose of 4000 rad. 50 Generally, the role of radiotherapy in the treatment of ABC is questionable in view of the considerable risk for serious adverse effects, as the majority of patients are young and even in the phase of skeletal growth. It should be however noted that local radionuclide therapy has emerged as a safe and efficient method, and in a single study resulted in the healing of all lesions without any sequelae. 51 
Review
Medical treatment
Medical treatment of ABC has relied on the similarities in morphology and biology of ABC to other lesions with increased osteoclastic activity, such as giant cell tumors of the bone.
The agents that have been tested thus far inhibit the action of the osteoclasts. In a study where bisphosphonates were used for the treatment of unresectable symptomatic bone tumors, including aneurysmal bone cysts, an effect was observed and there were no adverse effects. 52 Bisphosphonates have a molecular structure similar to pyrophosphate, and block signaling pathways that are important in osteoclast activity, such as the Ras, Rac and HMG-CoA pathways. Lange et al. have used denosumab in two patients with spinal ABCs where embolization failed, and reported healing of the lesion and regression of the neurological deficits. 53 Denosumab is a monoclonal antibody that blocks RANKL, a ligand that binds to RANK, which is a surface protein that is present on osteoclast progenitors, and promotes their maturation to osteoclasts.
Conclusions
Optimal treatment method of ABCs is still a matter of debate. Various methods are used, and their advantages and drawbacks are summarized in Table 1 . Generally, sclerotherapy with polidocanol has proven to be a very good alternative, as it can be done in an outpatient basis and leads to local control comparable to intralesional excision, with probably superior functional outcome. Curettage is still favored by many surgeons, but the risk of complications and the associated morbidity is not negligible. It seems reasonable to suggest that curettage should be reserved for lesions that fail to heal with sclerotherapy, and preferably a high-speed burr should be used in order to minimize the risk for local recurrence. Minimally invasive percutaneous techniques can also be initially considered, especially when the treating physician has to resort to an open biopsy, although the local control rate is inferior to curettage. Embolization of the feeding arteries is often technically demanding and is usually regarded as a supplementary procedure, especially in the cases of ABCs of the axial skeleton. Nowadays, radiation therapy should not be considered as a first-line treatment as it carries a risk for secondary malignancy and has a high failure rate. The outcome after radionuclide therapy is promising but needs to be evaluated in a larger number of patients. Medical treatment has not been properly established in the medical literature and is currently not an option. According to our experience, the vast majority of ABCs can be treated with polidocanol sclerotherapy, which should be the first line of treatment. 1 We have seen that the method is simple and safe, and can be performed as a day case surgery. Even aggressive lesions can be treated in this manner. 41 The major drawback is multiple treatments are required. We resort to curettage, and fill the cavity with bone cement when sclerotherapy fails.
